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Starch is composed of amylose and amylopectin polysaccharides with d-glucopyranose residues linked by α-1,4 and α-1,6 glycoside bridges with helical and branched structures, respectively (Eliasson 2004) . The industrial use of starch and its derivatives generates residues that require treatment (Zhang et al. 2011) . For such, enzymes are safer and healthier than chemical additives (Eliasson 2004) . Enzymes are complex proteins and their high degree of specificity in catalysts is manifested only in their native structure (Wolfgang 2007) . The enzyme cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) breaks α-1,4 amylopectin starch bonds and catalyses the group transfer of starch to produce cyclodextrins (CDs) (Wolfgang 2007) . CDs are molecules with a truncated conical shape of six (γ-CD), seven (β-CD), eight (α-CD), or more glucose units formed by α-1,4 bonds, with a hydrophobic cavity formed by primary and secondary OH groups (Qu et al. 2002; Del Valle 2004) . CDs are widely used in different industrial fields based on complexes with organic, inorganic, organo-metallic, and metallo-organic compounds. CDs are currently studied in research to treat diseases such as AIDS (Storsberg et al. 2003 ) and adrenoleukodystrophy (Pillai et al. 2009) .
A wide variety of microorganisms are used to produce CGTase, especially Bacillus (Freitas et al. 2004; Blanco et al. 2009 ). Moreover, novel CGTase-producing strains have been identified for this purpose (Blanco et al. 2012) . The purification degree of commercial enzymes depends on the application (Wolfgang 2007) . However, the commercial use of CGTase is only possible after the definition of the purification method and enzyme characterisation. The microorganism Bacillus lehensis CGII, isolated from the wastewater of cassava flour mills and identified by Blanco et al. (2012) (GenBank accession number HQ399547), exhibits high levels of CGTase production whose features, however, remain unknown.
The aim of the present study was to describe the purification and characterisation of CGTase from Bacillus lehensis CGII, which have not been reported previously in the literature.
MATERIAL AND METHODS
Bacterium and enzyme production. Bacillus lehensis CGII was isolated from wastewater samples from a cassava flour mill in Brazil. This bacterium is filed under the accession number HQ399547 (Blanco et al. 2012) . The B. lehensis CGII strain was inoculated in an Erlenmeyer flask containing 100 ml of optimised growth medium (Blanco et al. 2012 ) and incubated at 35 ± 1°C for 72 h on a rotary shaker (New Brunswick Scientific Co, Edison, USA) at 150 rpm with an initial pH of 9.2. The cell-free supernatant was used for enzyme purification.
Enzyme assay and protein determination. Enzyme activity was determined after 72 h of fermentation as well as after each purification step using the method described by Makela et al. (1988) . Total protein was determined using bovine serum albumin as the standard, following Lowry's method (Lowry et al. 1951) .
Cyclodextrin glycosyltransferase purification. The centrifuged crude enzyme was precipitated using 80% ammonium sulphate and re-suspended in 40 ml of 5mM HCl-Tris buffer, pH 8. The precipitated enzyme was dialysed using a 12-KDa cellulosic membrane against 2 l of 50mM HCl-Tris buffer, pH 8, for 10 h, with the buffer changed every two hours. The dialysed enzyme was chromatographed on a DEAE-Sepharose 6B column (1.5 × 40 cm), stabilised with 30mM Tris-HCl chromatography buffer, pH 8, containing 5mM CaCl 2 .
For β-CD immobilisation in agarose gel, 1 g of Sepharose 6B (Pharmacia Fine Chemical Inc., Piscataway, USA) was activated with 2 ml of 99% 1.4-dioxane solution (1 ml) and 0.6M NaOH containing 1% NaBH 4 and 2 ml of 0.1M NaOH containing 20% (w/v) of the β-CD. This mixture was stirred mechanically for 16 h at 45°C for solubilisation. The lyophilised enzyme (87.76 U/ml and 0.8 mg/ml) solution (0.1%) in chromatography buffer was applied to the upper end of the column. CGTase was eluted with chromatography buffer containing 10 mg/ml of β-CD at a rate of 0.4 ml/min, and fractions of 2.4 ml were collected. All fractions were subjected to spectrophotometric analysis (280 nm). The fractions showing enzyme activity were submitted to electrophoresis. All purification steps were carried out at 4°C.
Electrophoresis. The molecular weight of CGTase from B. lehensis CGII was estimated by sodium dodecyl sulphate-polyacrylamide (SDS) gel electrophoresis (PAGE) using 8-18% (w/v) gradient polyacrylamide, based on the method described by Laemmli (1970) .
Characterisation of purified CGTase
Optimum pH and temperature. Optimum pH was determined using 0.05M buffers in the 3.0-10.0 range. The enzyme activity of purified CGTase was measured in glycine-HCl (pH 3.0), sodium acetate (4.0-5.0), phosphate (6.0), Tris-HCl (7.0, 8.0, and 9.0), and glycine-NaOH (10.0) at 55°C. For the determination of optimum temperature, the purified enzyme was analysed in the temperature range from 35°C to 85°C in Tris-HCl buffer, pH 8.
CGTase stability. CGTase thermal stability assays were performed with the enzyme incubated at 55°C for 110 minutes. Stability in the 3.0 to 10.0 pH range was determined with the enzyme solution incubated for 12 and 24 hours.
Effect of substances on CGTase. The effect of compounds (Table 2 ) on the enzyme activity of purified CGTase was investigated using concentrations of 2mM, 0.25M, 0.5M, and 1M for 12 min at 55°C in 50mM Tris-HCl buffer, pH 8. In all experiments, CGTase activity without the addition of inhibitors was considered 100%.
Kinetic parameters of CGTase. For the measurement of kinetic parameters, 5 ml of the purified enzyme were mixed with 5 ml of starch solution (3, 3.5, 4, 5, 6, 7, 8, 9, and 10mM ) and 50mM Tris-HCl buffer, pH 8.0 at 55°C for 30 min in the same buffer solution. The Michaelis-Menten constant (K m ) and maximum velocity (V max ) were determined by a Lineweaver-Burk plot.
Cyclodextrin production. The reaction conditions were the following: 5 ml of purified enzyme solution (0.035 mg/ml) in 5 ml of 1% (w/v) potato starch solution. The two solutions were prepared in 50mM Tris-HCl buffer. The reaction was incubated at 55°C, pH 8.0. The samples were withdrawn at 0, 22, 35, and 42 h and inactivated at 100°C. Centrifugation was performed at 8800 g for 10 min and the supernatant was analysed using a high-performance liquid chromatography (HPLC) system equipped with a UV detector in a 210-nm column (4.6 × 250 mm; Phenomenex, Torrance, USA) at 26°C. The samples were applied to the column following membrane filtration (0.22 µm; Millipore; Massachusetts, USA). The mobile phase was acetonitrile/water (50:50, v/v), with a flow rate of 0.7 ml/min and an injection volume of 20 μ.
RESULTS AND DISCUSSION
CGTase purification. The two-step purification method (ammonium sulphate precipitation and Sepharose 6B column biospecific-affinity chromatography) proved efficient for CGTase from Bacillus lehensis ( Table 1) .
The amount of protein decreased from 3097 mg to 120.8 mg and specific activity increased from 9.99 U/mg to 109.7 U/mg (Table 1) , indicating that non-CGTase proteins were excluded due to the reduction in the interactions between water and the polar groups of the proteins. The purification factor and recovery of original enzyme activity after precipitation were 10.98 and 42.79%, respectively, indicating that the enzyme was purified 10 fold and 42% of the enzyme activity was maintained following the precipitation process (Table 1) . Dialysis was performed prior to the next step to remove the salt.
At the beginning of the purification procedure, absorbance was measured at 280 nm, with protein detection represented by the continuous line in Figure 1 . No enzyme activity was detected in the first peak. In the enzyme elution step with β-CD inserting, enzyme activity (represented by dots) exhibited a narrow peak, which characterises a high resolution result achieved by the selectivity and efficiency of the chromatographic technique.
The purified enzyme was obtained with a final yield of 8.71% (collected from fractions 27 to 37) due to losses stemming from the number of purification steps; losses also occurred during enzyme centrifugation of the fermented broth and during the precipitation process by ammonium sulphate followed by dialysis. Due to the high selectivity of the purification technique for affinity chromatography, CGTase was recovered with purification levels of the order of 320.74 fold, demonstrating an increase of CGTase concentration. Specific activity rates were found to be from 9.99 to 3204.27. The elution by the addition of β-CD to the buffer competes for binding with the target protein. CGTase was purified due to specificity between CGTase and β-CD by the interaction with a binding site on the enzyme. Fractions corresponding to the peaks with enzyme activity were combined and molecular weight was demonstrated by electrophoresis homogeneity in SDS-PAGE, with only one band of 81 262.466 Da in the electrophoresis gel in Figure 2 . Protein molecular weight was calculated using a standard curve constructed with a molecular mass log and the relative mobility of each protein used. The molecular mass of CGTase from B. lehensis CGII is similar to that from Thermococcus sp and the enzyme proved to be a monomeric protein (SDS-PAGE) with a molecular weight of 83 KDa.
Enzyme properties. Enzymes are biological catalysts that function under specific conditions. Therefore, after obtaining the pure CGTase enzyme, the optimum temperature and pH were tested in a 12-min reaction. Moreover, the stability was tested in a range of temperature and pH values for 12 h and 24 hours. Catalytic activity and the influence of different substances on the activity and stability of the CGTase corresponding to 100% was 100.54 U/ml.
Optimum pH and temperature and CGTase stability. Figure 3a shows an increase in the thermodynamic reaction rate at an optimum temperature of 55°C, followed by a decrease in the thermal denaturation of CGTase. According to Starnes (1990) , CGTases from microorganisms have optimum temperatures between 30°C and 95°C. Moreover, optimum temperatures between 45°C and 65°C are frequent in studies on the characterisation of CGTase. For example, Kitahata et al. (1974) reported an optimum temperature of 55°C for a CGTase from Bacillus circulans.
Optimum pH is the result of the effect of factors such as affinity and stability of the enzyme-substrate complex and it also depends on the type of buffer used. Figure 3c displays enzyme activity in different buffers. In this study, pH 8 was determined as the best for the enzyme activity. The optimum pH of CGTase varies depending on the producer strain (Starnes 1990; Sato et al. 1993) . In enzyme applications, pH and thermal stability are important properties for the storage of enzymes. The CGTase enzyme may be incorporated in industrial starch processing, such as the industrial production of CDs. The enzyme activity dropped in each time interval tested, with a decrease of more than 50% after 80 min (Figure 3b ). Figure 3d shows the enzyme activity after 12 and 24 h at different pH values (3, 4, 5, 6, 7, 8, and 9) . 24 hours. Enzyme stability regards the capacity of such substances to retain their catalytic ability under different conditions over time. The action of CGTase is determined by its ability to convert starch into CD. However, CGTase loses its enzyme function due to pH and thermal instability.
Effect of substances on CGTase. Table 2 displays the inhibitor/activator effect of substances on CGTase from B. lehensis. Stability is an important factor for enzyme application in blends with different substances. Hence, it is important to understand the effect of these substances on the enzyme activity. In the present study, dextran and CaCl 2 were the substances that most potentiated the effect of enzyme action. With dextran, this likely occurred due to the fact that this substance forms aggregates with the enzyme, changing the conformation of the enzyme-substrate structure and providing improved enzyme action. Dextran may be used industrially as a stabiliser and gelling agent, inhibiting crystallisation. As to CaCl 2 , CGTase likely requires Ca + as a co-factor. A number of studies, such as that carried out by Suntinanalert (1997) , have demonstrated that CGTase may be stabilised by adding CaCl 2 (10mM). However, in characterising a purified It is likely that these substances alter the structural conformation of CGTase. Cyclodextrin production. Cassava starch was treated with the purified enzyme to produce a mixture of α-, β-and γ-CDs under the optimum conditions determined in the characterisation of CGTase (Figure 3) . The CDs produced with purified CGTase were confirmed by HPLC and maximum starch conversion into CDs by CGTase from Bacillus lehensis CGII strain was obtained in 35 hours. The production ratio of α-, β-, and γ-CDs (g/l) was 0.32:6.33:1.02, respectively.
Kinetic parameters. The Michaelis-Menten model was used to characterise the system and a maximum velocity rate (V max ) of 8.62 g/l was determined. At this velocity, approximately all enzyme molecules are in enzyme-substrate form and the amount of free enzyme is insignificant. Moreover, the K m is equivalent to the starch concentration necessary for half V max of 0.862 g/l.h, indicating high affinity between CGTase and starch, as a smaller K m value denotes greater enzyme-substrate affinity. The plot in Figure 4 displays the apparent K m and V max .
CONCLUSION
The present study described the purification procedure for CGTase from Bacillus lehensis. CGTase was purified in two steps, using a precipitation technique with ammonium sulphate, followed by biospecific affinity chromatography. The molecular weight of the enzyme is 81.27 kDa. With the purified enzyme, the specific characteristics of optimum pH and temperature, stability in a range of pH and temperature values, kinetics and substances that influence the enzyme activity were described. Enzyme characterisation is a useful tool for obtaining knowledge on the properties and possible applications of cyclodextrin glycosyltransferase produced by Bacillus lehensis CGII isolated from cassava starch.
